The freshwater cnidarian polyp named Hydra, which can be mass-cultured in the laboratory, is characterized by a highly dynamic homeostasis with a continuous self-renewal of its three adult stem cell populations, the epithelial stem cells from the epidermis, the epithelial stem cells from the gastrodermis, and the multipotent interstitial stem cells, which provide cells of the nervous system, gland cells and germ cells. Two unusual features characterize these stem cells that cannot replace each other, they all avoid G1 to pause in G2, and the two epithelial populations are concomitantly multifunctional and stem cells. H. vulgaris that does not show any signs of aging over the years, resists to weeks of starvation and adapts to the loss of neurogenesis, providing a unique model system to study the resistance to aging. By contrast some strains of a distinct species named H. oligactis undergo a rapid aging process when undergoing gametogenesis or when placed in stress conditions. The aging phenotype is characterized by the rapid loss of somatic interstitial stem cells, the progressive reduction in epithelial stem cell self-renewal, the loss of regeneration, the disorganization of the neuro-muscular system, the loss of the feeding behavior, and the death of all animals within about three months. We review here the possible mechanisms that help H. vulgaris to sustain stem cell self-renewal and thus bypass aging processes. For this, FoxO seems to act as a pleiotropic actor, regulating stem cell proliferation, stress response and apoptosis. In H. oligactis, the regulation of the autophagy flux differs between aging-sensitive and aging-resistant animals, pointing to a key role for proteostasis in the maintenance of a large pool of active and plastic epithelial stem cells.
The dramatic increase in average life expectancy is part of a major transition in human societies of the 21th century and global health issues linked to aging already have major economic and social impacts. Novel model systems are needed to complement existing ones (1) . As an obvious strength of the Hydra model when compared to the classical genetic models of aging, namely the fruit fly Drosophila melanogaster and the worm Caenorhabditis elegans, adult polyps maintain at all times a highly dynamic homeostasis, thanks to abundant stocks of adult stem cells that continuously cycle and thus contribute to the lack of senescence and to the maintenance of amazing regenerative capacities. Hydra polyps are freshwater animals that belong to Cnidaria, a sister phylum to Bilateria (Fig. 1A) . As all eumetazoans, Hydra differentiate a gut and a nervous system. These animals, which exhibit a tube shape morphology with a ring of tentacles, a mouth opening at the oral pole and a basal disc at the aboral one, are organized as two myoepithelial layers, epidermis outside and gastrodermis inside, separated by a thick acellular collagenous layer named mesoglea (Fig. 1B) . A nervous system made of sensory-motor neurons, ganglia neurons and mechanosensory cells named nematocytes (or cnidocytes) spreads across their body, densely packed at the apical and basal extremities, providing robust neuro-muscular activities and sophisticated behaviors (see in (2) . The central part of the animal consists in epithelial and interstitial stem cells (ESCs and ISCs respectively) that continuously divide, while the extremities are predominantly made of cells that no longer divide.
Hydra vulgaris, a slow-or no-aging animal
Evidences for low senescence in Hydra have accumulated since the pioneering study of Paul Brien in the mid 20 th century (3) . Indeed Brien nicely demonstrated that polyps of the H. vulgaris (Hv, named "attenuata" at that time) and H. viridis species maintained at 18°C exhibit stable budding and gametogenesis properties over several years (Fig. 2) . Fourty years later, Daniel Martinez monitored the mortality rates of four independent cohorts of animals over four years and confirmed these findings. He showed that despite a decrease in budding that he associates to environmental conditions, Hv polyps remained fit over this period, able to undergo gametogenesis, without exhibiting any obvious signs of senescence and basically no mortality (4) . Martinez also pointed to the unusual longevity of Hydra polyps considering the age of first reproduction, two parameters that are correlated in most species. Although the origin of budding decline is debatable in the Martinez study (5) , independent studies confirmed that Hydra are long-lived organisms with very low senescence over the years. Indeed, Hv polyps can be kept up to eight years (or more than 41 years for clonal culture) with a constant and very low annual probability of death (<1.5%) (6, 7) . The view that emerged from these studies is that asexual as well as sexual Hv polyps do not age and thus represent a unique model system to investigate how an animal resists to aging.
Hydra oligactis, a model for inducible aging
The situation is different when considering polyps from the closely related species Hydra oligactis (Ho). Indeed Paul Brien who wanted to investigate how animals from various Hydra species deal with a concomitant sexual and asexual reproduction, found that Ho animals transferred to 10°C, exhibit a rapid and dramatic reduction of their budding rate while undergoing sexual differentiation. He noticed that animals become "exhausted" after producing a series of oocytes ( Fig. 2B) (3) . This finding was confirmed by Lynne Littlefield in 1991 (8) and 15 years later more systematically investigated by Yoshida et al who described in details the aging phenotype (Fig. 2C) , the morphological changes, the progressive alterations of the physiological functions such as food capturing and contractility, the similar mortality curves recorded in male and female colonies, but also the disorganization of the actin fibers and the dramatic reduction in ISCs (9) . Interestingly, this Ho strain that we now name "cold-sensitive" (Ho_CS) is not representative of all Ho polyps as a closely related strain exhibits a "cold-resistant" (Ho_CR) behavior, i.e. undergoing sexual differentiation and transiently losing its somatic ISCs in the weeks following cold transfer, but surviving this "crisis" period and remaining fit over the following year when maintained at 10°C or transferred back to 18°C (10) . Thus the two distinct Ho_CS and Ho_CR strains provide potent experimental models to get insights into the mechanisms that support aging and resistance to aging.
Evolutionary conservation of the human aging gene families in Hydra
If we consider the 305 human aging genes listed on GenAge, one finds 73.1% orthologs or closely-related genes in the nematode C. elegans, 77.7% in the fruit fly D. melanogaster, 83% in H. vulgaris and 67.5% shared between the four species ( Fig. 3) . Indeed the analysis of the H. vulgaris genome (11) completed with transcriptomic analyses performed on intact Hv_Basel strain (12, 13) show that numerous human aging genes were lost in model organisms commonly used for aging studies (nematode, fruit fly), but conserved and expressed in Hydra, strengthening the value of this model to get insights into processes leading to aging and resistance to aging ( Fig. 3) . A series of complementary approaches were designed to quantify through RNA-seq transcriptomics the expression profile of each gene along the body column at five distinct Brien 1953 ). In each graph, budding is represented by a continuous line (each "v" indicates bud detachment), oogenesis by a dotted line (each detached oocyte represented as a small "v"), and spermatogenesis by a dashed line. Number of buds, oocytes, testes are indicated on the y axis, and time (days) on the x axis. Note that budding and spermatogenesis are continuous while oogenesis occurs as successive bursts. For H. oligactis, one polyp maintained at 18°C over three months shows a continuous budding, which persisted for 4 years at the same pace without any gametogenetic event (not shown). A second animal, transferred from 18°C to 10°C 35 days after birth, rapidly stopped budding after transfer while oogenesis was induced. Two months after transfer, Brien reports that the animal is "exhausted after having produced 17 eggs". For H. viridis one polyp monitored over 10 weeks, produced 24 buds, 4 oocytes and multiple testes (the number of testes should be multiplied by 2). For H. vulgaris, one polyp was monitored over 11 weeks, undergoing 4 oogenetic events, each of them producing several oocytes. (C) Staging of the aging process in Ho_CS polyps from asexual healthy animal (stage 0), initiation of testis formation (arrow, stage 1), testes maturation and apical degeneration (arrow, stage 2), testis degeneration, loss of axial polarity and stenosis of the body column (stage 3), tissue loss and animal degeneration (stage 4). positions (spatial RNA-seq (14) ), in the three stem cell populations FACS-sorted from transgenic lines expressing GFP in one or the other stem cell population (cell-type RNAseq (15) (16) (17) ), after elimination of ISCs by drugs or heatshock (epithelial plasticity RNA-seq (17)), during regeneration (14, 18) and during aging in the Ho_CS and Ho_CR strains maintained for several weeks at 18°C or 10°C (Tomczyk et al. in preparation) ( Fig. 4A and not shown, soon available online via HydrATLAS). In addition proteomic analyses were performed during regeneration (18) and aging (Tomczyk et al. in preparation) . Such precise and systematic reports of genetic regulations and proteomic variations are a first step towards understanding the molecular mechanisms that underlie low senescence in H. vulgaris or aging in Ho_CS. According to (19) nine hallmarks define and contribute to aging in mammals: 1) stem cell exhaustion, 2) cellular senescence, 3) altered intercellular communication 3) deregulated nutrient sensing, 5) mitochondrial dysfunction, 6) genomic instability, 7) telomere attrition, 8) epigenetic alterations, 9) loss of proteostasis. We propose to discuss here how Hydra polyps may bypass some of these processes to defy death.
Bypassing stem cell exhaustion
Stem cells continuously cycle in the Hydra body column while differentiated cells are predominantly found at the extremities, where epithelial cells are replaced within a week. Three distinct populations of stem cells populate Hydra: the unipotent epithelial stem cells (ESCs) of epidermis, the ESCs of the gastrodermis, and the multipotent interstitial stem cells (ISCs) that are spread across the epidermal layer (20) (21) (22) (23) (24) (25) . These three populations are distinct and cannot replace each other. However all stem cells in Hydra exhibit a rather unconventional cycling behavior: they pause in G2 and avoid G1 ( Fig. 1C) (26) . ESCs and ISCs show some striking differences as epithelial cells largely differentiate in G2 without traversing mitosis, forming thus terminally differentiated 4n cells (27) , while ISCs produce progenitors that differentiate when reaching the G1 phase. ESCs fulfill the criteria of stem cells, i.e. selfrenewing every three or four days when located in the body column, and terminally differentiating as soon as they cross sharp boundaries at each extremity of the body column, apical towards the head region, and basal at the aboral side (26, 28) . More recently a pool of slow cycling stem cells, representing about 2% of each population, was identified, arrested in G2 for at least four weeks in case of ESCs (29) .
All ESCs exhibit a low sensitivity to environmental conditions (starvation, stress) and are quite unconventional stem cells: they are unipotent and remain multifunctional at all times, continuously expressing for instance myoepithelial properties ( Fig. 1C) (16) . By comparison, the multipotent ISCs exhibit more classical stem cell features: located in the epidermal layer of the central region of the body column, they display a typical stem cell morphology, cycling every 24-30 hours, rapidly traversing G1 when cycling and pausing in G2, undergoing terminal differentiation as gland cells, nematocytes, nerve cells after a final mitosis in the body column or when reaching the extremities (Fig. 1C) (20, 24, 30) . This spatially-restricted pattern of stem cell cycling suggests that Hydra polyps can be considered as indefinitely young in their central body column, and undergo aging at the extremities where cells get sloughed off and regularly replaced. All available information indicates that stem cell exhaustion does not exist in H. vulgaris strains maintained in favorable conditions (moderate temperature, regular feeding, absence of toxic substances).
How stem cells indefinitely keep cycling in the body column without genetic, epigenetic or metabolic alterations is a mystery. The self-renewal activity of stem cells is regulated by their own density and by the signals emitted between the various stem cells or by the differentiated cells (23) . Two Myc transcription factors, one restricted to the somatic interstitial lineage (Myc1) and the second expressed in all stem cell populations (Myc2) are candidate regulators of the choice between self-renewal and differentiation (31) (32) (33) . Indeed silencing Myc1 expression or inhibiting Myc1 activity promotes proliferation of ISCs and their subsequent differentiation, suggesting that Myc1 is required to maintain the stemness of ISCs (32) . Two independent transcriptomic analyses of the FACS-sorted stem cell populations identified the FoxO transcription factor as highly expressed by all stem cells in Hydra (15, 17 ) (see Fig. 4B ). Functional assays indicate that FoxO acts as a key regulator of stem cell maintenance (34) : when over-expressed in the interstitial lineage FoxO enhances stem cell proliferation and induces the expression of stem cell markers in differentiated cells, while its knockdown enhances cell differentiation, reduces animal growth and modifies innate immunity, but does not seem to induce an aging. It was proposed that the ancestral function of FoxO would be devoted to stem cell renewal, which in Hydra supports asexual reproduction, regeneration and immortality (35) .
No evidences for cellular senescence in Hydra
So far the presence and the role of cellular senescence is unknown in Hydra. Senescent cells are characterized by cell cycle arrest and thus, epithelial senescent cells should be detected outside the body column. β-galactosidase activity that is higher in senescent cells can be detected in Hydra, predominantly in the gastrodermis that contains predominantly cycling cells, measured at higher basal levels in Ho_CS than in Hv_Basel, enhanced upon feeding but also upon oxidative stress (Girard, unpublished). These preliminary results suggest a link between β-galactosidase activity and the efficiency of stress response, which is lower in Ho_CS (see below). In terms of known molecular markers of senescence, the cyclin-dependent kinase inhibitor CDKN2A (p16) that arrests cell cycling, does not have known counterpart in Hydra, Drosophila, or C. elegans. However the retinoblastoma gene RB1 that is well conserved across phyla, is expressed in all stem cells in Hydra, similarly to the transcription factors E2F1 and FoxO, whose interaction prevents activation of FoxO target genes and induces senescence in mammalian cells (36) (Fig. 3, Fig.  4B ). Their respective role in regulating cell cycle arrest in Hydra needs to be tested.
Bypassing deregulated nutrient sensing
The Insulin, FoxO signaling pathway in Hydra Genetic screens performed in C. elegans 30 years ago provided the first evidences of a genetic control of aging. The transcription factor Daf-16 (foxO ortholog) was identified as a central regulator of longevity, driving lifespan extension when the activity of the insulin/insulin-like growth factor (IGF) signaling pathway is low (37, 38) . Indeed, mutations leading to a reduced activity of the insulin receptor Daf-2 increase worm lifespan, while the knockdown of daf-16 reduces their lifespan. Briefly, when the activity of the insulin pathway is low, Daf-2 induces the phosphorylation of Daf-16 through AGE-1 and AKT, leading Daf-16 degradation (FoxO off). In contrast, when the insulin pathway is not activated, Daf-16 is no longer phosphorylated, can translocate to the nucleus where it activates a plethora of genes (FoxO on) that promote longevity by inducing resistance to oxidative stress, apoptosis, cell cycle arrest, DNA repair, differentiation. The pro-aging function of the insulin/IGF pathway and the prolongevity function of Daf16/FoxO are shared between worms, Drosophila and mammals (39, 40) .
In Hydra first evidences that the insulin/IGF pathway is functional came with the identification of HTK7, a receptor similar to the vertebrate insulin/IGF receptors, and the fact that polyps exposed to bovine insulin upregulate cell proliferation (41) . Three insulin-like peptides (ILPs) were identified in the "Hydra peptide project" and in the genome (42) . As HTK7, all three ILP genes are predominantly expressed by the ectodermal ESCs (Fig 4C and not shown) . The genes encoding the kinases PKB/AKT (43), PDK2, Pi3K and its antagonizer PTEN are also heavily expressed in ESCs, an expression that persists when ISCs are eliminated ( Fig 4C) . As anticipated, the phosphorylated status of FoxO regulates its cytoplasmic versus nuclear localization at least in interstitital cells where Pi3K inhibition in a transgenic line overexpressing FoxO-GFP pushes FoxO-GFP to the nucleus (44) . In a separate study, Lasi et al. showed that overexpressing FoxO-GFP in epithelial cells leads to apoptosis, an effect that is rescued by co-expressing Hydra ILP-1. This result implies that FoxO activity is under the control of the insulin/IGF pathway in epithelial cells (45) . Bridge and coll. produced a transgenic line that overexpresses FoxO-GFP in interstitial cells and did not detect any pro-apoptotic effect of FoxO-GFP and no change in FoxO-GFP cellular localization upon starvation (44) . These results might suggest that FoxO activity is differently regulated in the epithelial and interstitial lineages, and confirm a nutrient sensitivity restricted to ESCs in Hydra. An additional role of FoxO in the response to stress reported by (44) is discussed below.
The autophagy and TOR pathways in Hydra
Hydra morphology and budding capacity is highly dependent on the nutrient conditions; animals rapidly stop The deduced protein sequences of 305 human aging genes (grey background) listed in the database GenAge (genomics.senescence.info/genes/) were blasted on the NCBI and Swissprot/TrEMBL (uniprot.org) databases to identify the Drosophila (beige background), C. elegans (purple background) and Hydra (blue background) related sequences. Besthit sequences showing an evalue lower than 1 e -10 were retrieved except few cases indicated with an asterisk where the e-value is >1 e -10. Note that 24 gene families present in H. vulgaris were lost in Drosophila or C. elegans, while 34 human proteins do not have any counterparts in Drosophila, C. elegans or Hydra. Question marks indicate novel aging genes that might be discovered in Hydra, either conserved across evolution and present in human, or as taxon-specific innovations. budding upon food shortage and progressively reduce their size, but remain fit and survive weeks of starvation, exhibiting a very low mortality at least until 70 days of starvation (WB, unpublished). By contrast, heavily fed animals show an "obesity" phenotype, losing their typical apical-basal pattern and becoming highly heteromorphic (46, 47) . As in most organisms, non-selective autophagy also named macro-autophagy is activated upon starvation in Hydra, a process that efficiently recycles cellular components in order to cope the absence of nutrients (48, 49) . Double-membrane vacuoles named autophagosomes form in ESCs of starved animals, incorporating the lipidated form of an ubiquitin-like protein named LC3, and sequestering endosomes and mitochondria that get degraded once autophagosomes fuse with lysosomes. This dynamic autophagy flux can be pharmacologically modulated, by exposing starved polyps to Wortmannin, an inhibitor of autophagy entry, or to Bafilomycin that prevents lysosomal fusion. These findings highlight once more that in Hydra, ESCs are nutrient-sensitive. However the level of autophagy needs to be tightly balanced, as excessive autophagy dramatically impacts Hydra health as observed in animals knocked-down for the serine protease inhibitor Kazal1 (50) . In such animals gigantic autophagosomes progressively form in ESCs, rapidly altering the ability of animals to survive body amputation, and progressively leading to animal death in the absence of injury. This phenotype mimics a pancreatitis autophagy phenotype observed in newborn mice knocked-out for SPINK3, or in patients harboring a mutated SPINK1 gene, both genes being Kazalrelated. These studies indicate that autophagy plays an essential role in the environmental adaptation of Hydra (47, 50) .
The evolutionary conserved nutrient-sensing pathway TOR (Target of Rapamycin) (51) is also well conserved in Hydra (e.g. RAGs, TORC1, TORC2, Raptor, LST8, Ulk1/2), predominantly expressed by the ESCs (16, 49) . Rapamycin treatment, which mimics low nutrient conditions by inhibiting mTOR, acts as an autophagy inducer and indeed induces autophagosome formation in ectodermal ESCs of fed animals (48, 49) . All together these data indicate that both the autophagy and the TOR pathways are efficient nutrient sensors in Hydra. Both pathways might actually play a key role in the aging phenotype identified in Ho_CS, as Ho_CS and Ho_CR polyps exhibit important differences in terms of autophagy when starved at 18°C or after transfer to 10°C. In addition Rapamycin treatment delays aging in Ho_CS (Tomczyk et al. in preparation) .
Bypassing mitochondrial dysfunction
The role of mitochondrial reactive oxygen species (ROS) during aging was recently reconsidered, rather assessed as a stress response to aging processes than a causal process that initiates aging (52) . Not much is known on the role of mitochondria in the maintenance of Hydra homeostasis. Upon injury, mitochondrial superoxide is immediately produced by the endodermal ESCs, and this immediate wave of ROS signaling is likely beneficial for Hydra, triggering apoptosis of the most death-sensitive cells in the vicinity, but also cytoprotection via activation of genes encoding proteasome components, innate immune system regulators and stress proteins (14) . FoxO plays an important role in the resistance to stress by upregulating the expression of genes encoding enzymes that detoxify damaging radicals (39) . In Hydra, FoxO likely contributes to the stress response as evidenced by the JNK-dependent nuclear translocation of FoxO-GFP observed in heat-shocked animals (44, 53) . Interestingly this regulation of FoxO appears similar in the epithelial and interstitial cell types of H. vulgaris. However the potential to adapt to heat shock (thermotolerance) is clearly different between H. vulgaris and H.oligactis, at the phenotypic level but also at the molecular level as Hv but not Ho rapidly produces the HSP70 protein (54), a difference explained by a very low stability of hsp70 mRNAs in Ho (55) . These results might reveal a more general deficiency in the ability to respond to stress in aging Ho_CS. Further studies will tell us whether accumulation of oxidative stress contributes to aging in Ho_CS and how FoxO contributes to face stress in Hv, Ho_CR and Ho_CS polyps.
Bypassing genomic instability
Because DNA is the focal point where genetic information is stored, its integrity and stability are required for the maintenance of cell life and the transmission of error-free genome to the next generation (56) . However, DNA is sensitive to stress-induced metabolic changes such as the production of highly reactive oxygen radicals and to environmental factors including radiation, which both induce DNA damages. To face these issues, pathways aimed at preventing damages or at promoting DNA repair are constantly activated (57) . Briefly, preventing DNA damages mainly consists in the direct removal of spontaneous addition of methyl groups by MGMT, AlkB or MPG, while DNA repair relies on five major pathways, base excision repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR), which act on single strand damages, bulky lesions and mismatches respectively, while non-homologous end joining (NHEJ) and homologous recombination (HR) pathways repair double strand breaks.
Little is known about the function and the regulation of these pathways in Hydra, even though most components were characterized in Hydra (Fig. 3) . The Hydra Xeroderma Pigmentosum group A ortholog (XPA) is highly similar to human XPA, encoding the ERCC1 helix-hairpin-helix motif and a nuclear localization signal (58) . Similarly the function of Xeroderma Pigmentosum group F (XPF), which encodes an ERCC4 endonuclease domain and is predominantly expressed in ISCs, is likely conserved in Hydra (59) . Concerning the BER pathway, genes encoding the Flap endonuclease 1 (Fen1), XRCC1, Polymerase-β (Polβ) and Ligase3 were identified in genomic and transcriptomic analyses in Hydra (11, 13) as well as in the jellyfish Aurelia aurita (60) . This pathway shows a highly variable evolution, with Polβ expressed in several arthropods (Tribolium castaneum, Halyomorpha halys, Putella xylostella) but absent in the fruit fly or in nematodes (Fig. 3) . Such independent secondary losses imply that Polβ may play a redundant function in the BER pathway.
To get insights into the DNA repair processes that might be active in Hydra, we show here a compilation of the RNAseq profiles of some key genes involved in DNA damage sensing (ATR), BER (i.e. PARP1, PARP2, XRCC1, Ligase 3), NER (i.e. ERCC1, XPF), MMR (i.e. MSH2, MSH6, MLH1), HR (i.e. ATM, BRCA1, BRCA2) and NHEJ (DNA PKs, DCLR1a, XRCC4) pathways (Fig. 4D) . DNA-PKs is expressed in all stem cell lineages, Ligase 3 and XRCC4 are predominantly expressed in ESCs, while all the other genes are expressed at higher levels in ISCs, consistent with the fact that these fast-cycling cells that spend less time in G2phase than ESCs, likely require highest levels of DNA repair.
Moreover, ISCs also provide germ cells, which require an efficient DNA repair machinery to maintain their genome integrity and preserve the next generation from incorrect genetic information. Although quantitative transcriptomics bring some hints on the potential role of DNA repair in Hydra stem cells, their function as a support to regeneration and low senescence remains to be elucidated. Also, since DNA repair mechanisms contribute to cell cycle arrest and apoptosis (61) , it would be of interest to investigate their putative role in the dramatic changes that affect stem cells in aging Ho_CS.
Bypassing telomere attrition
The progressive shortening of telomeres in somatic cells contributes to the aging process since replicative senescence or apoptosis occur when the telomere length falls below a certain threshold (Hayflick limit) (62) . As a consequence telomere length measured in early life can be used as a reliable predictive value of lifespan in various organisms (63) . In dividing cells, telomere shortening is actively counterbalanced by the telomerase reverse transcriptase (TERT) that protects chromosomes from telomere attrition by adding small DNA repeats at chromosome extremities (64) . Interestingly in choanoflagellates, porifers, cnidarians including Hydra, and humans, TERT adds the same DNA motif TTAGGG, suggesting some conservation of an ancestral motif across evolution, while this motif diverged in nematodes (TTAGGC) and arthropods (TTAGG). Accordingly, TERT activity can be used to estimate the level of cellular immortality. While TERT activity becomes undetectable in differentiated cells, it is maintained high in germ cells, and reactivated in cancer stem cells, explaining why these cells continuously divide without undergoing senescence (65) . High levels of telomerase activity were also measured in somatic cells of two marine demosponges (66) as well as in somatic cells of asexual but not sexual planarians (67) . Interestingly, these species do not seem to age and possess robust regenerative capacities, supporting the hypothesis that low senescence is linked to high TERT activity.
In Hydra little is known about telomere attrition and TERT activity. Although Traut and collaborators failed to detect TERT activity in Hydra, they showed that TERT from another cnidarian, the jellyfish Aurelia aurita, is capable to add repeats to an artificial substrate (64) . The transcriptomic data produced in our laboratory on each stem cell population of the body column and in different locations along the body axis (17) show that the telomeric repeat-binding factor 1 (Terf1) that negatively regulates telomere length is similarly expressed in ASCs and in differentiated cells of the body column (Fig. 4E) . However Tert expression is lower at the extremities of the animal, and consistently with this finding, higher in the three stem cell populations than in the differentiated cells of the body column. These results support the idea that TERT activity is enhanced in Hydra somatic stem cells, protecting the genome from telomere attrition. Thus, promoting elongation of telomeres may take part in the processes that allow Hydra stem cells to conspicuously divide without any sign of exhaustion, but functional studies are needed to evidence the role of TERT in maintaining stem cell integrity and low senescence in Hydra.
Bypassing epigenetic alterations
The activity of transcription factors or transcriptional complexes that regulate gene expression through gene regulatory elements (GRE), is modulated by epigenetic changes that consist in DNA methylation and histone modifications (68) . Thanks to genome wide ChIP-seq analyses, the Technau lab identified a similar distribution and abundance of GREs in the sea anemone Nematostella vectensis and in bilaterians (69) . For instance, they identified high levels of H3K4me3 in the vicinity of transcriptional start sites (TSS) and the mutual exclusion between CpG methylation and H3K4me3, consistent with their opposed roles on gene expression. Furthermore, the predicted binding sites of the transcriptional co-factor p300 correspond to enhancer elements enriched in similar regions than in Drosophila. Thus, same principles apply for complex gene regulation and chromatin modifications in cnidarians and bilaterians, most likely already present in their last common ancestor. Similarly, the Hydra genome is methylated (2.7%) while those from Drosophila and C. elegans lack DNA methylation marks (70) . Although this finding certainly reflects the small genome size in D. melanogaster and C. elegans, it remains true that these features of cnidarian genomes provide a framework to study epigenetic modifications and make Hydra a relevant model system to investigate the role of epigenetic alterations in the aging processes.
The Polycomb repressive complexes (PRC1, PRC2) are potent chromatin modulators in bilaterians (71) . Suppression subtractive hybridization and in situ hybridization revealed that the Hydra ortholog of the PRC2 histone methlytransferase EED (embryonic ectoderm development, HyEED) is express in all embryonic cells at early stages, becoming restricted to ISCs, nematoblast and spermatogonia in the body column in adult animals (72) . The production of a transgenic line where HyEED is overexpressed as a chimeric HyEED-eGFP protein under the ubiquitous actin promoter, revealed that EED-eGFP is stable only in ISCs and differentiating nematoblasts and undetectable at the animal extremities, suggesting that EED-eGFP is degraded in differentiated cells (73) . Also, EED-eGFP localization is both cytoplasmic and nuclear, suggesting that it binds chromatin. All these observations are consistent with a repressive role of PRC2 on the differentiation of stem cells or progenitors (74) . Interestingly, when proteasome degradation is inhibited in these transgenic animals, HyEED-eGFP+ cells are detected in head and tentacles, supporting the hypothesis of proteasomal degradation in differentiated cells (73) . Understanding how stem cell activity is controlled by PRCs thus appears as a promising trend for aging studies.
Bypassing the loss of proteostasis
The research on diseases linked to aging has experienced an unprecedented advance over the past 20 years with the discovery that the onset of numerous diseases is linked to the loss of protein homeostasis (proteostasis), which is controlled by genetic pathways and biochemical processes largely conserved across evolution (75) . Briefly, it was estimated that about 30% of the newly synthetized proteins are misfolded (76) . To clear such proteins, healthy cells use two main pathways for their degradation, lysosomal proteases acting on autophagic vacuoles and the ubiquitin proteasomal system. When both pathways are overflowed, misfolded proteins readily accumulate as protein aggregates that contain proteins normally not bound to each other. Then secondary modifications such as ubiquitinylation and crosslinking take place providing highly reactive aggregates that recruit new proteins (75, 77) . As an amplifying feedback loop, aggregates inhibit proteasomal clearance, leading to severe metabolic changes that damage cells (78) . To degrade large aggregates, macroautophagy (refered here as autophagy) remains the only efficient process, a process named aggrephagy (79) . The accumulation of aggregates and the inhibition of the proteasome seem to impact more dramatically cells that no longer divide, explaining the vulnerability of neurons as observed in neurodegenerative diseases, but also the vulnerability of epithelial cells in multiple organs, probing the development of cancers, agelinked myopathies, retinal dystrophies, cataract, arteriopathies.
The high cellular turnover that characterizes Hydra homeostasis certainly prevents the effect of aggregate formation by diluting aggregates throughout successive cell division. However, aggrephagy also exists in Hydra to get rid of aggregates and reduce the risks of impaired proteostasis (Tomczyk et al. in preparation) . Ho_CS polyps are much more sensitive to proteasome inhibition than Ho_CR or Hv polyps (Fig. 5A) , likely revealing the deficient compensatory autophagy in Ho_CS as shown by the accumulation of selective autophagy marker p62/SQSTM1. This deficient proteostasis dramatically impacts the self-renewal of ESC, contributing to the aging phenotype of Ho_CS animals. These promising results indicate that Hydra also provides a relevant model to dissect the mechanisms that regulate the cross-talk between proteostasis and stem cell activity.
Conclusions & Perspectives
Genome-scale bioinformatic analyses have shown that most gene families and pathways involved in mammalian aging processes are expressed in Hydra. Biochemical assays, live imaging tools as well as genetic assays such as transgenesis or gene silencing just started to dissect how H. vulgaris resist to aging, and how environmental changes induce aging in H. oligactis, a process that leads to animal death within a short period (three months). Indeed some strains of H. oligactis are prone to undergo aging when the stock of somatic interstitial cells is depleted as a result of gametogenesis or environmental stress. In this context, the plasticity of epithelial stem cells appears deficient and selfrenewal declines, seemingly as a result of combined deficient proteostasis, deficient autophagy and/or to oxidative stress. By contrast H. vulgaris seem to bypass critical processes that lead to animal death, maintaining unexhausted its pool of multifunctional ESCs that adapt to harsh environmental conditions such as prolonged starvation or loss of neurogenesis. A series of properties that maintain dynamic and unaltered the pool of stem cells, emerge as prolongevity features in adult Hydra (Fig. 5B) . These properties are linked to specificities of stem cell cycling such as G2 pausing that promotes DNA repair and cell death resistance, but also to the multifunctionality of ESCs, which readily adapt to environmental threats by mounting efficient autophagy and stress responses. Although phylogenetically distant from mammals, Hydra provides a novel model to trace the evolutionary-conserved basis of animal aging, to identify potential taxon-specific innovations that help animals resist to aging, and to screen for molecules that modify aging processes.
